by the Galileo magnetometer on five passes by Ganymede have been used to characterize Ganymede's internal magnetic moments.
beneath the surface is somewhat uncertain, but our favored model suggests a depth of order 150 km. As both temperature and pressure increase with depth and the melting temperature of pure ice decreases to a minimum at -170 km depth, it seems possible that near this location, a layer of water would be sandwiched between layers of ice.
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Introduction
Ganymede, Jupiter's third Galilean satellite, has an internal magnetic dipole (Kivelson et al. 1996 (Kivelson et al. , 1997 ) strong enough to create its own mini-magnetosphere inside of Jupiter's larger one (Gurnett et al. 1996 , Kivelson et aL 1996 . Magnetopause crossings were identified in the Galileo magnetometer data (Kivelson et al. 1992 ) acquired during flybys of Ganymede (Kivelson et al. 1997 et al. (1999) .
The magnetometer data acquired near closest approach to Ganymede on the G 1 (June 27, 1996) and G2 (September 6, 1996) flybys were well modeled as the field of a centered internal dipole with equatorial surface field strength approximately 750 nT tilted by-170°with respect to Ganymede's rotational axis (Kivelson et al. 1997) .
With data now available from several additional passes (see Table I which lists all Ganymede passes including one in late 2000 and Figure 1 which shows the trajectories of the different passes), it is appropriate to revisit the modeling of the internal field. We present here several new results. First, based on an improved analysis of the data from selected passes, we place tighter constraints on the dipole moment and discuss limits on the quadrupole contributions.
The quadrupole moment can be taken as evidence for the depth at which the dynamo driving the field is located (Lowes 1974 , Elphic and Russell 1978 , Connerney, 1993 , although the argument is not without its critics. We also (Sarson et al. 1997 ) as the field generation mechanism. Second, we address the question of whether the dipole moment changes in time or remains unchanged from one pass to the next. We consider the latter possibility because Ganymede could, in principle, respond inductively to time variations of the external magnetic field present at its location in the Jovian magnetosphere. Temporal variations arise because Jupiter's tilted dipole moment changes its orientation as the planet rotates.
Ganymede's internal structure appears to include a metallic core, a rocky mantle and an icy outer layer, a model inferred from measurements of the gravitational moments (Anderson et al., 1996) and magnetic data , McKinnon 1997 ). An inductive response could be present if the icy layer contains electrically conducting paths as, for example, in regions of partial or complete melt of sufficient thickness.
The icy moons Europa and Callisto respond inductively to the variations of magnetic field present at their orbits but neither possesses a substantial permanent magnetic moment (Khurana et al. 1998; Kivelson et al. 1999 ). The measured magnetic perturbations observed on different passes by these bodies have been interpreted as evidence for subsurface oceans or analogous conducting layers (Kivelson et al., 2000) . At
Ganymede, however, extracting evidence of an inductive response in the presence of a large permanent magnetic moment requires a particularly refined assessment of the changes in the magnetic moment from pass to pass. For a perfectly conducting sphere, induced surface currents produce magnetic perturbations that cancel the normal component of a varying external field on the surface. The time-varying field at Ganymede is directed nearly along the Jupiter-Ganymede vector and has an amplitude of antiparallel to the time-varying field along the Jupiter-Ganymede vector satisfies the required boundary condition at the surface. Thus the induced dipole moment will be at most -50/700 or 6% of the permanent magnetic moment.
As an induced magnetic moment is approximately perpendicular to the spin axis, induction can change the magnitude of the magnetic moment by no more than 0.2% and change its tilt by only +3.6°.
Characterizing the internal fields of the moons of Jupiter with a high degree of accuracy is complicated by the fact that only a small portion of data from a flyby is acquired at altitudes low enough for the signature of intemal sources to dominate other sources of magnetic field (see Table I ). In addition, field perturbations arising from strong currents that develop within the plasma of Jupiter's magnetosphere in the region of interaction with the moons are important near closest approach and must be separately established.
In this paper, we first discuss our approach to fitting the data from the multiple passes of the Galileo mission. We then describe how we looked for an inductive response. We end by summarizing the implications of our findings for Ganymede's internal structure.
Ganymede's internal sources fitted with dipole moments evaluated pass by pass
The original estimates of Ganymede's dipole moment (Kivelson et al. 1996 (Kivelson et al. , 1997 were based on data from the first two passes by Ganymede.
With data now available from six passes by Ganymede, with one additional pass providing crucial data, we are able to refine the multipole moment analysis. passes are not optimal for analysis of internal sources. We will retum later in the paper to a discussion of criteria used to determine data useful for our purposes. (Kivelson et al. 1998 ). Here we plot data from the G28 flyby in order to illustrate the type of magnetic field measurements that are used in the analysis. Figure 3 shows the three components of the magnetic field and its magnitude from measurements at 0.3 s resolution and the fit to the slowly varying background field for 30 minutes around closest approach for the G28 pass of May 20, 2000. A schematic view of the field is shown in Figure 4 to help put the measurements in context. In Figure 4 , the field lines are calculated for a vacuum superposition model of the background field of Jupiter (approximated as locally uniform in an orientation appropriate for the G28 pass with components given in Table I (Kivelson et al. 1997; Williams et al. 1997a Williams et al. , 1997b . However, the cross section of the separatrix in the x-y plane is roughly circular and the trajectory lies on a chord, not a diameter, of this circle. Thus, Galileo is expected to encounter the separatrix later on its inbound crossing and earlier on its outbound crossing than the times for separatrix crossings in Figure 4 . The times for the crossings are: inbound crossings at -1004:30 UT in Figure 3 compared with -0959 UT in Figure 4 and outbound crossings at -1019 UT in Figure 3 compared with -1026 UT in Figure 4 , consistent with expectations. Russell (1995) shows that a similar pattern is observed on passes through the terrestrial dayside magnetosphere.)
In order to focus on the portion of the pass that yields information useful for characterizing internal field sources, we fit only that part of the flyby data in which the deviation from background of the field component with the largest change across the magnetopause is at least double its jump in magnetic field strength at the magnetopause. considerably with the fits to passes G8 and G7 as the outliers, a matter that we explain in the next section. 
Ganymede's internal sources fitted with fixed dipole and quadrupole moments
The dipole components in Table II surface amplitude of 50 nT to each of the first 8 multipoles ( gO, g_,/111, gO, g_2, g2, n2, n2 ) as defined in Walker and Russell (1995) , we plot ( Figure 5) A modification of the standardleastsquaresfitting techniquedescribedin Appendix A allows us to combinedata from all three flybys as a single data set to determinethe internal moments. In an unweightedleast square minimization, this approachwill optimize the fit to the datafrom passes that recordedthe largestfield magnitudes.Some accommodationis requiredto accountfor the fact that the flybys occurred at different altitudesand that the maximumfield strengthencountered changedmarkedly from one passto the next. In order to balancecontributionsfrom different passes, we weight data
where B_ is the maximum field strength in the ith interval (Table II) . would differ from that for G1 and G2.
We use a two step approach to test the possibility that the variations among the fits to the three critical passes given in Table II Table V gives the results of this analysis.
The results show that Mro obtained in this final analysis, is slightly smaller than the value obtained by using the three passes to infer the components of the dipole field (Table  IV) and close to the value of Mr found by fitting both first and second order multipoles (Table III) .
The rms error of fit to a dipole with varying Mr is 11.5 nT, whereas the rms error is 13.5 nT in the quadrupole fit ( In Figure 7 we plot Mr(t) = Mro -aB_g(t) for the inferred response of a = 0.84 as a [ Fig. 7 function of the induced moment that would be found for an inductive response with a = 1 which we refer to as Modeled Mr. Here Mro is the permanent moment. The dark line shows the expected values for at = 0.84, the value used to place the data points, and the ganind1105_dbl 04/24/02 Table V gives an rms error of 11.5 nT and a weighted rms error of 13.2 while the model of Table III give an rms error of 13.5 nT and a weighted rms error of 12.6. These values are sufficiently close to one another that we cannot conclude that one model is to be favored over the other. Nonetheless, we believe that the success of a four-parameter fit based on an a priori hypothesis must be more than coincidence. If one accepts the proposal that there is an inductive response, one needs to consider where the induced currents are flowing and why the response may be at a level lower than "_tstheoretical upper limit. As for Europa (Kivelson et al. 2000; Zimmer et al. 2000) , the icy outer layer of Ganymede cannot provide sufficient electrical conductivity to account for the response unless there is a melted layer, a water ocean, below the surface.
If a water layer is present below but near the surface, an 84% response is consistent with a range of models of the conducting layer. Assuming the conductivity of terrestrial sea water, the upper limit amplitude is consistent with a conducting layer of greater than - With ras defined as the radius of the source sphere, i.e., the distance from Ganymede's center to the "apparent source depth" at which U2 / UI = 1,
For the values in Table III , r_s = 0.049 Rc = 130 km. This estimate of the apparent source radius is hard to reconcile with estimates of the size of the metallic core whose radius is believed to fall between 0.25 Rc = 658 km and 0.5 Rc = 1317 km (Anderson et al. 1996) .
It should be noted, however, that Elphic and Russell (1978) find that the quadrupole power at Earth is lower by almost an order of magnitude than the trend provided by the dipole moment and the n > 2 multipole moments, so the estimate of the source depth from UI and U2 alone may be misleading. It does seem reasonable to conclude, however, that if Ganymede's field is generated by dynamo action, the source lies far below the surface.
The small ratio of the quadrupole to dipole power does not necessarily require a deeply buried dynamo because dynamo models admit a great variety of solutions.
Magnetoconvection, for example, provides an interesting alternative to the dynamo mechanism for generating the fields of satellites (e.g., Sarson et al. 1997 In SI units, the dipole moment is = 1.32x102°Amp-m 2. The magnitude is very slightly smaller than initially suggested (Kivelson et al. 1996) 
which by matrix inversion gives:
x = (ArA) -' Arb.
As the passes vary considerably in altitude and in maximum field strength, fits to the full data set are biased towards fitting the lowest altitude passes (see Table I ). In order to optimize the fit over the full data set, we weight the contributions of different passes inversely by Bix/ ___,i(B_,x) 2) I1_, where B_x is the maximum field strength in the ith interval.
In our application, the contribution of G28 is treated as if there had been two identical G28 passes, so i = 1,...4. In a weighted least squares fit one redefines E as: E = erW2e/2, where W is a diagonal weighting matrix. The equivalent to (A2) is then: In this paper the measurements b consist of the three components of the magnetic field in the GphiO coordinate system. If we fit only dipole coefficients of the internal field, the matrix A for each data point is a 3x12 matrix, built up _ in the following form:
where 3A is a 3x3 submatrix that relates the dipole field along the orbit to the Cartesian components of the dipole moment: For each data point this matrix is calculated and added as new rows, which, for n data points leads to a new matrix A of dimension 3nx16. The above calculation of the least squares fit is then performed as specified by equation (A2). The extension to fits of higher order multipoles produces larger matrices, but there is no conceptual change in the approach.
For the final fit, a parameter of a different type (a) is fitted in addition to the dipole coefficients but the process remains as described above. B. Singular
Value Decomposition
We have used the generalized inverse theory to reconfirm the least squares analysis and to determine the uniqueness and the robustness of the fits. The theory of generalized inversion was discussed in detail by Lanczos (1961) and highlighted by Jackson (1975) and Connerney (1981) .
The linear set of equations t_lat we must invert can be written in the matrix form as:
where Y is a column matrix of the N magnetic field observations, A is the NxM matrix which relates observations to the model parameters X (the various internal and external spherical harmonic terms and the response).
(In terms of the index n used in Appendix A, N = 3n.) As N >M in our case, the linear system is overdetermined and a least squares inversion provides the best estimates of the model parameters.
The idea behind the generalized inverse technique is to decompose the A matrix into the following form:
where U, A, and V satisfy the following eigenvalue problems:
AA v U = A2U (B3) [Kivelson et al. 1992] and overestimates the error of measurement. Uncertainties in position relative to Ganymede are less than 1 km, implying that the uncertainty in range AR/R = 4× 10 4 is allowed for within the value of 8nT that we used for cry.
It is useful to confirm that the model provides a good representation of the data by calculating the root mean square deviation of the fit to the measured quantities.
In Table   VI of all coefficients at the surface are 50 nT. G1 is blue, G2 is red, G7 is green, G8 is cyan, G28 is black, and G29 is gray. Figure 6 . 
